Beauty
1 is a characteristic of objects that provides a perceptual experience of pleasure. In nature, aesthetic appreciation thereof has given rise to the mathematical search for good series (e.g. the Fibonacci series) and proportions (e.g. the Golden proportion) as important elements of beauty. In 1928 the mathematician George David Birkhoff 2 introduced a formula for aesthetic measurement of an object. Birkhoff's equation defines the aesthetic value as the amount of order divided by the complexity of the product. These two features can be measured easily in poetry, music, painting, architecture, etc. In the fine arts, it is the artist who manipulates both these features, but how does nature manage order and complexity in living organisms or their parts? Here we show how Birkhoff's equation, applied to the mammalian vascular system of eight representative animals, results in new insights into the organization of the animal vascular system. We found that order and complexity are highly correlated in the mammalian vascular system (R 2 =0.9511). Accordingly, in nature both features are not independently managed in the manner of artists. We found significant differences among the Birkhoff aesthetic values in the mammalian arterial system, whereas no such differences exist in the venous system. We anticipate our approach to be useful in the study of morphogenesis and evolution of tree-like structures, employing the Birkhoff aesthetic value as a simple tool for conducting such studies.
Aesthetic appreciation
1 of nature has always been a common attitude in poets, musicians, and artists, and this does not differ from the appreciation of beauty in naturalists and scientists. In the 19th century the American mathematician George David Birkhoff 2 introduced an equation to measure levels of aesthetics M based on a ratio of order O and complexity C:
The original equation had an artistic aim, assigning a high Birkhoff aesthetic value to orderliness and a low one to complexity. A good example of how to apply this equation can be found in music and poetry. Birkhoff assigned a value O for a piece of music 3 , considering how much pattern underlies a piece, and C by how many notes its contains.
In the case of poetry 3 the order O is given by aa + 2r + 2m -2ae -2ce, where aa stands for alliteration and assonance, r for rhyme, n for musical sounds, ae for alliterative excess, and ce for excess of consonant sounds. Birkhoff's equation appears to derive from St. Augustine's and Thomas Aquinas' definition of beauty as coherent complexity, or quality that "being perceived, pleases". For these philosophers beauty was difficult to directly define and measure, and they therefore used a trick: beauty was defined through other attributes which are easier to study. An outstanding fact regarding many animals involves the presence of a circulatory system 5-7 . A circulatory system provides a blood distribution network that moves nutrients, gases, and wastes to and from cells. Furthermore, the circulatory system helps to stabilize body temperature and pH and maintains homeostasis. The more primitive animal phyla lack a circulatory system. Arthropods and most mollusks have an open circulatory system. In this type of system, there is neither a true heart nor capillaries, as found in humans and other animals. In contrast, the closed circulatory system of some mollusks and of all higher invertebrates and vertebrates is a much more efficient system.
Compared with annelids such as the earthworm, the mammalian circulatory system is a highly evolved structure.
Limiting our study to mammals, we answered the following question: what is the aesthetic value of the circulatory system? To address this question, we selected the circulatory system of eight representative mammalians: dogs, cats, horses, pigs, cows, sheep, goats and humans. The mammalian circulatory system was represented as a Beck's map 8 ( Fig. 2) , and therefore like a map of the London Underground.
Subsequently, the order O and complexity C of each vascular tree was calculated as a
Shannon entropy H and a fractal dimension D, respectively. We then calculated the Demand of nutrients by tissues and organs might be equivalent to the role played by population density during city formation 10 and the evolution of the urban layout. We anticipate our approach to be useful in the study of morphogenesis and evolution of tree-like structures 11 , using Birkhoff aesthetic value as a simple tool for conducting such studies Beck's diagram (Fig. 2) . A similar schematic approach has been used for illustrating protein molecules 12 and to plot the molecular circuitry of cancer 13 .
METHODS

Spatial codification.
Although the circulatory system is represented as a 2D Beck's map, each vessel has a label with information (coded with a single letter) regarding its geographical or real spatial position.
Vascular tree quantification. First, using vascular tree data 14-16 , we build a standard model of a 3D vascular tree preserving the relationships among nodes. Data were stored in a customized database named NAVI_NA written in Borland Turbo C++ by the first author 17 . We then constructed a sample of vascular trees, changing the branches angles at random. Given a branch angle, its value is modified by adding a random value. These random values were set empirically. The former operation introduces some variability, which can be observed in real vascular trees.
In the present study we obtained a sample with N=30 vascular trees, where the fractal dimension D was measured. The results obtained were registered. The method described was conducted with Fractal3D, a program also written by the first author 17 . The program draws any of the reconstructed vascular trees, showing the box-counting step sequence. Secondly, the Shannon entropy H was calculated:
In the equation, the probability of a given symbol p i is replaced by the node probability 
calculating the Kolmogorov entropy value, one per vascular tree:
The results obtained were registered in an output file. The program 17 draws any of the reconstructed vascular trees, showing the box-counting step sequence. Finally, and in fourth place, the beauty or aesthetic measure of the vascular trees was obtained by means of the following expressions:
being (6) a Birkhoff aesthetic expression, and:
an aesthetic measure introduced by us in this study. As with D, the value of H * is a measure of complexity, but without the spatial information included in D. 
